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The avian reovirus (ARV) infection is associated with various disease conditions in poultry. However, the pathogenesis mechanisms are
poorly characterized. In the present study, we clearly demonstrated that the jC of ARV S1133 strain induced apoptosis in both BHK-21 and
Vero cells. Five kinds of assays for apoptosis were used in analyzing ARV-infected BHK-21 and Vero cells: (1) assay for DNA ladders, (2)
ELISA detection of cytoplasmic histone-associated DNA fragments, (3) nuclear staining with acridine orange, (4) Western blot, Northern blot,
and immunofluorescent assay (IFA), and (5) flow cytometric analysis. The jC protein of ARV could elicit apoptosis occurring in a dose- and
time-dependent manner. The current results further our understanding of the function of jC in cultured cells and suggest that jC is a viral-
encoded apoptin and possesses apoptosis-inducing ability. Furthermore, deletion analysis of the ARV jC protein suggests that the carboxyl-
terminus of jC is important in mediating jC-induced apoptosis because its deletion abolished the induction of apoptosis.
D 2004 Elsevier Inc. All rights reserved.Keywords: Avian reovirus; Apoptosis; jC; Immunofluorescent assay; Flow cytometric analysis
Introduction provoke considerable economic losses. Investigations ofAvian reovirus (ARV) and mammalian reovirus (MRV)
belong to the genus Orthoreovirus. Both share physical–
chemical and morphological characteristics, including seg-
mented genomes consisting of 10 genome segments of
double-stranded (ds) RNA. The RNA is packaged into a
nonenveloped icosahedral double capsid (Spandidos and
Graham, 1976). Genomic segments can be separated by
polyacrylamide gel electrophoresis (PAGE) into three size
classes, large (L), medium (M), and small (S). ARVs differ
from their mammalian counterparts in their lack of hemag-
glutination activity (Glass et al., 1973), ability to induce cell
fusion (Bodelon et al., 2001), and association with naturally
occurring pathological conditions (Robertson and Wilcox,
1986). ARV is an important cause of diseases in poultry. In
particular, reovirus-induced arthritis, chronic respiratory dis-
eases, and malabsorption syndrome (Fahey and Crawley,
1954; Hieronymus et al., 1983; Kibenege and Wilcox, 1983)0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: hjliu@mail.npust.edu.tw (L.H. Lee).ARV infection indicated that cell damage occurs in vivo
within several organs, including the liver, bursa, intestine,
pancreas, and in addition, thymus and spleen, which are
characterized by lymphocyte depletion (Roessler and Rose-
nberger, 1989).
Apoptosis or programmed cell death (PCD) is a tightly
controlled physiological process that can be triggered by
various intracellular and extracellular stimuli (Kerr et al.,
1972; Krammer et al., 1994; Weller et al., 1997). Apoptosis
plays a critical role in developmental modeling, immune
repertoires, and homeostasis maintenance (Krammer et al.,
1994; Oppenheim, 1991). It is widely accepted that viruses
have evolved extremely sophisticated strategies to manipu-
late the host’s cellular regulation in order to damage the host,
to replicate, or to establish persistence. Not surprisingly, to
exercise control over host cells, viruses contain numerous
genes that function as apoptosis regulators (Krajcsi and
Wold, 1998; Schuster et al., 2000), either by blocking
apoptosis to prevent mature death of host cells and thus
maximizing virus production or facilitating persistent infec-
tion, or actively promoting PCD to benefit virus progeny
spread to neighboring cells while limiting host inflammatory
and other immune defenses (Obrien, 1998). To date, human
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been shown to induce apoptosis in primary cells and cultured
cell lines. Importantly, direct correlation between cytopatho-
genesis and apoptosis induction in vivo has been demon-
strated for a subset of these viruses (Auwarter et al., 1996;
Carrascosa et al., 2002; Finkel et al., 1995; Razvi and Welsh,
1995; Shen and Shenk, 1995).
The cell attachment jC protein of ARV (Martinez-Costas
et al., 1997), which is analogous to MRV j1 attachment
protein, possesses both type- and broadly specific epitopes
(Wickramasinghe et al., 1993). Previous study also demon-
strated that the amino acid variability of the ARV jC protein
was noticeably higher than that of other j-class proteins (Liu
et al., 2003). Recently, induction of apoptosis by avian
reovirus was initially demonstrated in primary chicken
embryonic fibroblast (CEF) and several cell lines (Labrada
et al., 2002). The potential significance of ARV-induced
apoptosis and involved viral molecules or pathways was
almost fully unknown. In the current study, we first provide
evidences demonstrating induction of apoptosis by ARV jC
protein in cultured cells.Results
Induction of apoptosis by avian reovirus S1133 strain in
cultured cells
ARV-induced apoptosis in chicken embryonic fibroblast
cells (CEF) and several cell lines was demonstrated (Labrada
et al., 2002). In the current study, we first demonstrated that
ARV induced apoptosis in both BHK-21 and Vero cells.
ARV-infected cells showed a clear cytopathic effect and
produced a high virus titer which was quantitated by plaque
assay (data not shown). The ARV S1133 was absorbed to
BHK-21 and Vero cells at various MOIs and assessed at
different incubation times. The upper panel of Fig. 1A shows
that the BHK-21-infected cells, but not mock-infected cells,
produced oligonucleosomal-length DNA ladders in a time-
and viral dose-dependent manner. When BHK-21 mono-
layers were infected with a viral multiplicity of 50 PFU/cell,
oligonucleosomal DNA laddering could be detected as soon
as 4 h postinfection and the intensity of the ladder bands
increased with time of infection (Fig. 1A, upper panel).
Similar results were obtained when the extent of apoptosis
was quantified by flow cytometric analysis of propidium
iodide-stained cells. The same effect was also observed in
Vero cells (Fig. 1B, upper panel). This is the first report to
demonstrate that the ARV S1133 strain can induce apoptosisFig. 1. (A–B) Apoptosis induction by ARV S1133 strain in both BHK-21 (A) and
different time points (0–48 h) as indicated. The chromosomal DNAwas separated
hand side. At 50 PFU/cell condition (lanes 4, 8, and 12), the extent of DNA ladder
oligonucleosome was detected by an anti-DNA-peroxidase antibody. The apoptotic
value of absorbance. The values shown are the means of three independent experim
panel). Mock and BHK-21 and Vero cells infected with various virus amounts foin both BHK-21 and Vero cells. This result was consistent
with previous investigation of Dr. Labrada that the ability of
ARV S1133 to induce apoptosis is not restricted to a specific
cell type (Labrada et al., 2002). Based upon this observation,
the ARV-induced apoptosis was further examined by differ-
ent biochemical apoptotic hallmarks. Apoptosis could be
measured by ELISA using monoclonal antibodies directed
against DNA and histones, respectively. In apoptosis, the
endonuclease cleaves double-stranded DNA at the accessible
internucleosomal linker region, generating mono- and oli-
gonucleosomes. The ARV-induced DNA degradation was
measure at 405 nm 24 h postinfection. The lower panel of
Figs. 1A, B shows that an increased of 405 nm absorbance
correlated with increased viral amounts in BHK-21 and Vero
cells. For the in situ visualization of apoptotic cells by using
acridine orange staining, ARV-infected cells showed DNA
fragmentation compared with the intact nucleus morphology
of mock-infected cells (data not shown). We next quantified
the extent of apoptosis by flow cytometry analysis. The
uninfected cells showed only 0.84% sub-G1 DNA content,
and this fraction was elevated up to 21%, which absolutely
correlated with increased virus dose (data not shown).
Cloning and expression of the full-length rC-encoding gene
and deletion constructs
The protein jC was encoded by the third open reading
frame of the S1 genome segment of ARV. jC is a minor
component of the outer capsid layer of the virus and has been
identified as a cell attachment protein (Martinez-Costas et
al., 1997). The protein jC has been associated with neutral-
ization of virus infectivity in both CEF and Vero cells
(Wickramasinghe et al., 1993). The jC-encoding gene
(jC-326) and deletion constructs (jC-245, jC-169, and
jC-81) were amplified by RT-PCR. The full-length jC-
encoding gene and deletion fragments were successfully
cloned into the pcDNA3.1() expression vector. The correct
recombinant plasmids were checked by restriction enzyme
digestions.
To detect the expression level of complete jC and
deletion mutants, Western blotting and IFA test were per-
formed using mouse polyclonal antibodies against jC. Fig.
2A showed the complete jC (jC-326; 39 kDa, lane 3) and
the deletion mutants of jC-245 (30 kDa, lane 4) and jC-169
(21 kDa, lane 5) as expected. Detection of the smallest jC-
81 mutant (9 kDa, lane 6) was not successful. This may be
due to the SDS-PAGE resolution or that its antigenic epitope
was deleted. To further make sure that jC-81 expressed
within transfected cells, Northern blot and IFA test wereVero (B) cells. Cells infected with different virus amounts were harvested at
on a 1.7% agarose gel. DNA molecular weight marker was shown at the left
s was more evident (A–B; upper panel). The histone-associated mono- and
cell death was measured at 405 nm 24 h postinfection. The y-axis shows the
ents, and error bars indicate standard deviations of the means (A–B; lower
r 24 h were shown.
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Fig. 2. (A–C) Detection of the complete jC (jC-326) and deletion mutants
(jC-245, jC-169, and jC-81) expressions by Western blot, Northern blot,
and IFA. BHK-21 cells were transfected with pcDNA3.1() empty vector
or different constructs. (A) Whole cell lysates were subjected to Western
blot analysis. Expressions of desired jC-326 (lane 3), jC-245 (lane 4), and
jC-169 (lane 5) were detected by using an anti-jC polyclonal antibody.
Actin was included as an internal control. (B) Total RNA was isolated and
subjected to Northern blot analysis. Detection of each transcript was
conducted by a DIG-labeled jC-specific probe. The ethidium bromide
staining of the 28S and 18S rRNA was included as an internal control. (C)
The expression of jC-326 (a), jC-245 (b), jC-169 (c), and jC-81 (d)
within BHK-21 cells was also detected by IFA.
W.L. Shih et al. / Virology 321 (2004) 65–7468performed. As shown in Fig. 2B, all four transcripts were
detected at expected sizes. The expressions of the complete
jC and its deletion mutants in BHK-21 cells were also
detected by IFA test (Fig. 2C). No signal of mock-infected
cells was detected in this study (data not shown).
Multimerization capacity of rC-326 and rC-245
It has been demonstrated that the protein jC present in
both virions and extracts of infected cells is a multimer in its
native state and that the multimer is made up of three
monomer units (Grande et al., 2002; Martinez-Costas et
al., 1997). In the present study, Western blot analysis
indicated that jC-326 was a trimer in its native state (jC-
326, lane U, Fig. 3) that displayed identical electrophoretic
behavior to the protein jC present in lysates of ARV S1133-
infected cells (ARV S1133). The sample (jC-245) shown in
lanes 5–6 of Fig. 3 was a monomer under both dissociating
and nondissociating conditions, suggesting that the jC
deletion mutant (jC-245) lacks oligomerization capacity.
Loss of cell viability and induction of apoptosis by
transiently expressed rC protein
The ability of jC to influence cell viability was assessed.
Monolayers of BHK-21 cells were transfected with
pcDNA3.1()-jC-326 plasmid or pcDNA3.1() empty
vector without insert as negative control. At different
transfection times (0–48 h), adherent and floating cells
were harvested for trypan blue dye exclusion, DNA frag-
mentation analysis, ELISA, and Western blotting. The upper
panel of Fig. 4A showed that jC expression reached a
significant level at 8 h post transfection (lane 5) and was
significantly increased with time of transfection (lanes 6, 7,
and 8). Detection of actin was included herein as an internal
control (Fig. 4A, lower panel). Cell viability was monitored
by trypan blue dye exclusion. The higher level of jC
expression significantly reduced viable cell numbers (Fig.
4B). In DNA fragmentation analysis, the oligonucleosomal
DNA laddering could be detected as soon as 8 h postinfec-
tion (Fig. 4C, lane 5), and the intensity of DNA ladder bands
increased with time of infection (Fig. 4C, lanes 6, 7, and 8).
The same outcome was obtained by ELISA detection for
quantitative determination of histone-associated DNA frag-
ments (Fig. 4D). These results illustrated that the extent of
jC-induced apoptosis was correlated with its expression
level and that jC is an avian reovirus apoptin.
Induction of apoptosis by complete rC and deletion mutants
To further define which region of jC was important in
mediating apoptosis induction effect, three deletion mutants
were constructed. Previous studies demonstrated that the jC
protein is able to bind specifically to avian cells (Grande et
al., 2000; Martinez-Costas et al., 1997). Recently, the car-
boxyl-terminal globular region of MRV j1 mediating cellu-lar surface binding and apoptosis was demonstrated (Barton
et al., 2001). Therefore, we supposed the C-terminal region
of jC may be involved in apoptosis induction. To elucidate
Fig. 2 (continued).
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were compared (Figs. 2A, B). Twenty-four hours after
transfection, no sign of DNA fragmentation was observed
with mock transfection, vector control, jC-169, and jC-81
expressions (Fig. 5A, lanes 1, 4, 5, 8, and 9), whereas the
typical DNA ladder was detected with UV-treated and ARV-
infected BHK-21 cells as well as jC-326 and jC-245
expressions (Fig. 5A, lanes 2, 3, 6, and 7). The amount of
fragmented DNAwas greater in jC-326 expression (Fig. 5A,
lane 6). Next, the effects of wild-type and mutant jC on
internucleosomal DNA cleavage were assayed. Again, noFig. 3. Multimerization capacity of proteins jC-326 and jC-245 from
transfected BHK-21 cells. Cytoplasmic extracts of ARV S1133-infected
BHK-21 cells (lanes 1–2) as well as jC-326 (lanes 3–4) and jC-245
(lanes 5–6) from transfected cells were either boiled at 90 jC (B) or
incubated at 30 jC (U) in Laemmli sample buffer. Polypeptides were
separated by SDS-PAGE, transferred to a nitrocellulose membrane, and
subjected to Western blot analysis with anti-jC serum.DNA cleavage in mock transfection, vector control, jC-169,
and jC-81 expression was detected, whereas DNA cleavage
was evident in jC-326 and jC-245 expression (Fig. 5B).
The level of apoptosis induced by jC-326 and jC-245 is
significantly greater than vector, jC-169, and jC-81 in the
histone ELISA assay (P < 0.01). The level of apoptosis
induced by the deleted jC version (jC-245) is only slightly
lower than that of jC, suggesting that jC-245 lacks oligo-
merization capacity (Fig. 3, lanes 5–6) and still retains
apoptosis-inducing capacity in cultured cells. Furthermore,
further deletion of jC (jC-169 and jC-81) did not possess
apoptosis-inducing capacity. From these results, we suggest
that the jC protein is an apoptosis inducer and the carboxyl-
terminal region of jC may play an important role for
efficient induction of apoptosis.Discussion
Modulation of apoptosis is a common feature of infection
by animal viruses and also contributes to the pathogenesis
process. In this report, we demonstrate that the ARV S1133
strain possesses the ability to induce apoptosis in BHK-21
and Vero cells and that the jC protein is an avian reovirus
apoptin. By analysis of the truncation constructs of jC, we
suggest that the carboxyl-terminus of jC is important for the
induction of apoptosis. In addition to the cellular receptor
binding ability (Grande et al., 2000; Martinez-Costas et al.,
1997), we first demonstrate that jC is capable of inducing
apoptosis in cultured cells, a novel function of jC. Thus, jC
appears to be a multifunctional protein that plays a key role
in virus–host interaction. Several reports provided evidences
Fig. 4. (A–D) Induction of apoptosis by the jC protein of ARV. BHK-21 cells were transfected with pcDNA3.1()-jC-326. At different incubation times,
cells were harvested for Western blot analysis to detect the expression level of jC-326 (A, upper panel). The actin was included as an internal control (A, lower
panel). (B) Trypan blue dye staining was used to determine the percentage of cell viability upon various jC-326 expression levels. The viable cells were
counted with a hematocytometer. Viability of vector and jC-326 expression was relative to parental cells without treatment. The values shown were the means
of three independent experiments, and error bars indicate standard deviations of the means. (C) DNA fragmentation analysis. DNA was extracted from cells
without jC-326 expression and with jC-326 expression at various levels and subjected to agarose gel electrophoresis. (D) The histone-associated nucleosomal
DNA was quantitated by ELISA. The value of OD405 was correlated with the extent of apoptotic cell death. The result was the means of three independent
experiments, and error bars indicate standard deviations of the means.
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induced apoptosis in several cell types. The possible in-
volved mechanisms included JNK activation, transcription
factors c-Jun (Clarke et al., 2001) and NF-nB (Connolly et
al., 2000a) activation, enhancement of calcium-activated
cysteine protease (Debiasi et al., 1999), caspase 8 and
caspase 3, and release of Smac/DIABLO and cytochrome c
from the mitochondria (Kominsky et al., 2002). The relation-
ships among these factors were still unclear. Previous studies
had demonstrated that the efficiency of MRV-induced apo-
ptosis is determined by the viral S1 gene, which encodes
attachment protein j1 (Connolly et al., 2000b; Tyler et al.,
1995, 1996). However, the M2 gene of MRV makes a
secondary contribution to the magnitude of the apoptotic
response (Tyler et al., 1996). In addition to the apoptosis-
inducing activity of MRV, cell cycle arrest in G1 has been
associated with the S1-encoded j1 protein, whereas G2/M
arrest requires the S1-encoded nonstructural protein, j1s
(Poggioli et al., 2000). Because less information is availableabout ARV L- and M-class genome segments, therefore, we
cannot exclude the possibility that ARV carries other apo-
ptosis-regulating genes.
There is increasing evidence that many animal viruses
encode proteins which interact intimately with the biochem-
ical pathways regulating apoptosis (Bruschke et al., 1997;
Eleouet et al., 1998; Jeurissen et al., 1992; Neilan et al.,
1997; Suarez et al., 1996). Previous investigations had
suggested that the jC protein in its native is a homotrimer
and binds specifically to avian cells (Grande et al., 2000;
Martinez-Costas et al., 1997). To study the oligomerization
capacity of jC and deleted jC in transfected cells and its
apoptosis-inducing capacity as well as the mechanism of jC
to induce apoptosis, we construct a series of deletion
mutants. The deleted jC version (jC-245) lacks oligomer-
ization capacity, but it retains apoptosis-inducing capacity in
BHK-21 and Vero cells, suggesting that the C-terminal
region of jC influences the oligomerization capacity of
jC. Because protein jC and its deletion mutants were
Fig. 5. (A–B) The apoptosis-inducing ability of jC and deletion mutants.
BHK-21 cells were transfected with the full-length jC-encoding gene, the
truncation constructs of jC-encoding gene, and empty vector, respectively.
These constructs were subjected to (A) DNA fragmentation analysis to
monitor their apoptosis inducing capacity or (B) ELISA tomeasure the extent
of apoptotic cell death. The values shown are the means of three independent
experiments, and error bars indicate standard deviations of the means.
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proteins directly affected apoptosis-related components
through protein–protein interaction to exert its apoptosis-
inducing activity.
Recently, it has been shown that MRV-induced apoptosis
requires interaction with its cell surface receptors (Barton et
al., 2001), including adhesion molecule (JAM). Apoptosis
involves the tumor necrosis factor (TNF) superfamily of cell
surface death receptors, specially DR4, DR5, and their
ligand, TNF-related apoptosis-inducing ligand (TRAIL)
(Clarke et al., 2000). To assess whether jC protein of
ARV can induce apoptosis by binding to cell surface
molecules, the apoptosis-inducing capacity of externally
added jC would be tested in the future. Previous studies
demonstrated that apoptosis signaling could be through the
action of cell membrane-associated molecules such as Src
family tyrosine kinase (Hsueh and Scheuermann, 2000), Ras
(Chang et al., 2003), or TNF superfamily death receptor
(Cheng and Goeddel, 2002; Wajant, 2002), then activates the
corresponding signaling pathways and transcription factors
to modulate apoptosis occurring. Rather, many viral proteinshave transactivation function, for example, parvovirus non-
structural protein (Mitchell, 2002), hepatitis B virus X
protein (Murakami, 2001), human T-cell lymphotropic virus
type 1 tax protein (Bex and Gaynor, 1998). The viral trans-
activator could regulate cellular response through activation
of cellular gene expression. To understand whether ARV jC
contains transcriptional activation function, additional stud-
ies are needed. Our data reported herein on the induction of
apoptosis by ARV jC protein provided new insight about the
ARV pathogenesis mechanism.
Many questions concerning ARV-induced apoptosis are
unclear. What cellular factors are involved in ARV-induced
apoptosis? What is the pathway of ARV jC-induced apo-
ptosis? Are other proteins of ARV are involved in apoptosis
induction? Is the pathologic response of ARV-infected poul-
try related to the apoptosis phenomena of jC? These ques-
tions will be addressed in our laboratory.Materials and methods
Cell culture and virus preparation
BHK-21 and Vero cells were grown in minimal essential
medium (MEM) containing Eagle’s salt, 5% fetal bovine
serum, penicillin G50 (50 units/ml), streptomycin (50 Ag/
ml), and fungizone (1.25 Ag/ml) at 37 jC in a 5% CO2
incubator. Avian reovirus S1133 strain was propagated in
Vero cells. Upon development of 80% cytopathic effect, the
cell culture was centrifuged after three freeze–thaw cycles
(Liu et al., 1999a, 1999b). The supernatant containing the
viruses was collected and stored at 70 jC.
Plasmid construction
To construct the full-length jC-encoding gene and dele-
tion mutants of the jC-encoding gene of ARV S1133,
purified genomic dsRNA ARV was used to generate cDNA
clones by reverse transcription and polymerase chain reac-
tion (RT-PCR). Plasmid constructs and PCR primers used to
amplify the jC-encoding gene and truncation constructs of
the jC-encoding gene were shown in Table 1. The forward
primer contains start codon, kozak sequence, and a BamHI
cleavage site and the reverse primers contain an in frame stop
codon at the indicated position and aHindIII cleavage site. In
the RT-PCR test, 1 Ag of purified dsRNA was denatured in
boiling water for 10 min, chilled on ice for 5 min, and then
used as template. RT-PCR reactions were performed accord-
ing to procedures provided by Perkin-Elmer Co. (Branch-
burg, NJ, USA). Reverse transcription was carried out at 50
jC for 30 min. PCR reactions were subjected to 35 cycles
consisting of denaturation for 1 min at 94 jC, annealing for 1
min at 55 jC, and extension for 90 s min at 72 jC, and one
final extension cycle at 72 jC for 7 min. After completion of
the PCR, 5 Al of the reaction mixture was loaded onto a 1.5%
agarose gel containing 5 Ag/ml ethidium bromide for elec-
Table 1
Primers for construction of the full-length jC-encoding gene and truncation constructs of jC-encoding gene
Constructs Primer sequences (5V–3V) Position Expected size (bp)
jC-326 TATGGATCCTTGGGATGGCGGGTCTC 616–641 1010
GTAAAGCTTCACACCTTAGGTGTCGATGC 1597–1625
jC-245 TATGGATCCTTGGGATGGCGGGTCTC 616–641 766
CTTAAAGCTTAGGTTATAACACGACATTAC 1351–1381
jC-169 TATGGATCCTTGGGATGGCGGGTCTC 616–641 537
ATGAAAGCTTGCCTTAAGCGACACTAAGGGG 1122–1152
jC-81 TATGGATCCTTGGGATGGCGGGTCTC 616–641 276
CAGTAAGCTTGGTCCTTTAACCGTCTAAATTAGC 858–891
Underlines indicate the positions of BamHI and HindIII restriction sites and stop
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nation. The PCR products were purified, digested with
BamHI and HindIII, and then ligated into the corresponding
site of pcDNA 3.1() mammalian expression vector (Invi-
trogene, Carlsbad, CA, USA).
DNA fragmentation analysis and nuclear staining
At different transfection times (0–48 h), adherent and
floating cells were harvested for DNA fragmentation analy-
sis and trypan blue dye exclusion. Trypan blue dye staining
was used to determine the percentage of cell viability. Both
BHK-21 and Vero cells, with or without treatment of ARVat
various MOIs (0.5–50) and with treatment of the full-length
jC-encoding gene and truncation constructs, were collected,
washed, and lysed with lysis buffer (50 mM Tris, pH 7.5, 20
mM EDTA, 1% Nonidet p-40). The supernatant was collect-
ed and incubated with RNase A at a final concentration of
500 Ag/ml for 1 h at 37 jC. Subsequently, proteinase K was
added to a final concentration of 500 Ag/ml for at least 2 h at
55 jC. The DNA was extracted with phenol/chloroform,
precipitated with ethanol, dissolved in TE buffer (10 mM
Tris, pH 8.0, 1 mM EDTA), and subjected to 1.7% agarose
gel electrophoresis for DNA fragmentation analysis.
At 24 h postinfection, mock-infected or infected cells
grown on glass cover slips were washed three times with
phosphate-buffered saline (PBS) and fixed with methanol.
For nuclear staining, cells were stained with acridine orange.
Enzyme-linked immunosorbent assay (ELISA)
Apoptotic cell death was quantitated in vitro by using
ELISA according to procedures provided by Roche Applied
Sciences. Briefly, 103 cell lysates were placed into a strepta-
vidin-coated microtiter plate. A mixture of anti-histone
biotin and anti-DNA peroxidase is added and incubated.
During incubation, the anti-histone antibody binds to the
histone components of the nucleosomes and simultaneously
captures the immunocomplex to the streptavidin via its
biotinylation. Additionally, the anti-DNA peroxidase reacts
with the DNA components of the nucleosomes. Color
development was carried out by adding the ABTS substrate
solution to each sample. The absorbance at 405 nm was
measured.Flow cytometry analysis
At 24 h postinfection, adherent and floating cells were
collected and centrifuged at 500  g for 10 min. Pelleted
cells were then washed and resuspended in PBS buffer. Cells
were then permeabilized by the addition of 100% ice-cold
ethanol to a final concentration of 70% and incubated
overnight at 4 jC. Cells were centrifuged, resuspended in
PBS, and subsequently incubated for 1 h at 37 jC with 50 Ag
of propidium iodine/ml and 100 Ag of RNase A/ml. Aliquots
of 106 cells were subjected to flow cytometric analysis.
Transfection, Western and Northern blotting, and
immunofluorescent assay (IFA)
Cells in 60-mm dishes were transfected with 5 Ag of
DNA using superfect reagent (Qiagen, Valencia, CA, USA).
After incubation for 5 h, the medium was removed and cells
were grown for additional 48 h. Cells were harvested,
washed, and lysed in 0.5 ml RIPA lysis buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 1% Nonidet p-40, 1 mM PMSF).
The supernatant and pellet were collected and mixed with
Laemmli sample buffer and boiled for 5 min. Samples were
resolved on a 12% SDS-PAGE. Proteins were transferred to
PVDF membranes. Anti-jC polyclonal antibodies used to
detect expression proteins in cells were prepared by immu-
nization of Balb/c mice with purified jC protein which was
expressed in E. coli (Hu et al., 2002; Liu et al., 2002). The
signal was detected by ECL reagent (Amersham Pharmacia
Biotech, New Territories, Hong Kong) and visualized by
autoradiography.
Total RNA was isolated by RNeasy Midi kit (Qiagen).
RNA (10 Ag) was electrophoresed on 1% formaldehyde
agarose gel and blotted onto a Hybond-N membrane
(Amersham Pharmacia Biotech) by capillary transfer.
RNA was fixed to the membrane using UV crosslinker.
The detection of specific mRNA expression was performed
by using a DIG-labeled jC-specific DNA probe.
The transfected BHK-21 cells were fixed with a mixture
of 50% acetone and 50% methanol for 10 min, and then
incubated with anti-jC polyclonal antibodies. The bound
antibodies were visualized by immunostaining with FITC-
conjugated second antibody raised against mouse IgG
(Amersham Pharmacia Biotech).
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rC-245
To test the multimerization capacity of jC-326 and jC-
245, a comparative electrophoretic analysis of extracts of
ARV S1133-infected BHK-21 cells as well as jC-326 and
jC-245 from transfected cells was performed under both
dissociating and nondissociating conditions. Samples were
incubated for 5 min in Laemmli sample buffer at either 30 jC
(to retain maximal oligomerization) or at 90 jC (for oligomer
denaturalization). A subsequent analysis of the samples by
SDS-PAGE followed by anti-jC Western blotting was
carried out. The signal was detected by ECL reagent as
described previously.
Statistical analysis
A student’s t test was used to compare the histone ELISA
assay of the full-length jC-encoding gene, deletion mutants,
and empty vector to demonstrate that the level of apoptosis
induced by jC-326 and jC-245 is significantly greater than
vector, jC-169, and jC-81. Calculated P values of <0.01
were considered to be statistically different.
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